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INTRODUCTION 

Recent r e sea rch  on low-temperature  hydrocarbon f u e l  cel ls  has  
r evea led  t h e  importance of t h e  r o l e  of adso rp t ion  i n  va r ious  e l e c t r o d e  
p rocesses .  Knowledge of  t h e  c o n c e n t r a t i o n  and composition of adsorbed 
r e a c t a n t s ,  products ,  o r  i n t e r m e d i a t e s  on t h e  e l e c t r o d e s  and i n  t h e  e l e c -  
t r o l y t e  i s  needed f o r  a b e t t e r  understanding of such processes  a s  e l e c t r o -  
r e d u c t i o n ,  e l e c t r o o x i d a t i o n ,  and formation of i n t e r m e d i a t e s .  

Programed p o t e n t i a l  e l ec t rochemica l  techniques (1-3)  have 
y i e lded  some information abou t  r e a c t a n t  adso rp t ion  by in fe rence  from oxida-  
t i v e  s t r i p p i n g  o f  t he  e l e c t r o d e ,  b u t  no  adequate  techniques have been 
a v a i l a b l e  t o  p e r m i t  d i r e c t  measurements wh i l e  t h e  c e l l  i s  o p e r a t i n g .  How- 
eve r ,  t h e  f a c t  t h a t  r a d i o l a b e l e d  o rgan ic  molecules have been used success -  
f u l l y  t o  d e t e c t  adsorbed f i l m s  on s o l i d  s u r f a c e s  ( 4 , s )  has  lead t o  s e v e r a l  
s t u d i e s  of t h e  u s e  of r a d i o t r a c e r  techniques f o r  measuring e l e c t r o d e  r e a c -  
t i o n s .  For example, workers a t  t h e  U n i v e r s i t y  of Pennsylvania have used a 
t h i n ,  gold f o i l  a s  an e l e c t r o d e  and have counted a c t i v i t y  through t h e  f o i l  
( 6 ) ,  o r  have used a movable metal  t a p e  which i s  withdrawn from s o l u t i o n  
and counted (7,8). Such t echn iques  have permit ted s t u d i e s  of t h e  adsorp-  
t i o n  behavior  o f  some a romat i c s  (9,10), o l e f i n s  (ll), and amines (6 ,7)  on 
s e v e r a l  me ta l s .  Neve r the l e s s ,  t h e  t h i c k n e s s  o f  t h e  metal  foils l i m i t s  t h e  
s e n s i t i v i t y  of t h e  former measurements, and t h e  n e c e s s i t y  of withdrawing 
t h e  t apes  p reven t s  cont inuous samplings i n  t h e  l a t t e r  method. 

T o  avoid t h e s e  shortcomings,  w e  have adapted a method t h a t  w a s  
developed by Cook ( 4 )  and l a t e r  modif ied by Walker and R i e s  (5).  In our  
a d a p t i o n ,  a metal  f i l m ,  d e p o s i t e d  d i r e c t l y  on a mica s u b s t r a t e ,  i s  made 
t h e  e l e c t r o d e  i n  a f u e l  c e l l ,  and t h e  a c t i v i t y  of a r ad io l abe led  hydro- 
carbon i s  counted d i r e c t l y  through t h e  mica while  t h e  c e l l  i s  ope ra t ing .  
High s e n s i t i v i t y  i s  p o s s i b l e  because  t h e  metal  f i l m  i s  on ly  a few thousand 
angstrom u n i t s  t h i ck ,  and t h e  v e r y  t h i n  mica s h e e t  absorbs l i t t l e  r a d i a t i o n  
compared wi th  metals .  

We have solved t h e  major d e s i g n  problems a s s o c i a t e d  with the  
t echn ique .  We have been a b l e  t o  produce s t a b l e ,  r e u s a b l e ,  t h i n - f i l m  e l e c -  
t r o d e s  t h a t  a r e  t h i n  enough t o  a l low h igh  s e n s i t i v i t y  i n  count ing bu t  
t h i c k  enough t o  behave a s  e q u i p o t e n t i a l  e l e c t r o d e s .  The c e l l  i s  small  
enough t o  conserve the  r a d i o l a b e l e d  hydrocarbon, b u t  i s  easy  t o  f i l l  
and empty and is  f r e e  of components t h a t  would adsorb f u e l  from t h e  e l e c -  
t r o l y t e .  A i r  is excluded r i g o r o u s l y ,  and ope ra t ion  is confined t o  low t e m -  
p e r a t u r e s  to keep adso rp t ion  and o x i d a t i o n  r a t e s  low enough t o  be s t u d i e d  
w i t h  30-second counting pe r iods .  
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This  paper d e s c r i b e s  t h e  design and o p e r a t i o n  of t h e  c e l l  and 
summarizes our  s t u d i e s  of t h e  adsorp t ion  and oxida t ion  of v a r i o u s  concen- 
t r a t i o n s  of rad io labe led  n-butane a t  plat inum e l e c t r o d e s  i n  a s u l f u r i c  
a c i d  e l e c t r o l y t e  a t  25°C. 

EQUIPMENT AND PROCEDURE 

Apparatus 

The adsorp t ion  c e l l  and i t s  a s s o c i a t e d  e l e c t r o d e s  a r e  designed 
t o  minimize mixing of the  anode and cathode products  dur ing  e l e c t r o l y s i s .  
As shown i n  F igure  1, t h e  c e l l  body is  a shal low,  7-cc, g l a s s  cup,  about 
5 c m  i n  d iameter ,  t o  which two sidearms a r e  a t t a c h e d .  One sidearm i s  drawn 
t o  a f i n e  t i p  wi th in  t h e  c e l l  ( t o  s e r v e  a$ a Luggin c a p i l l a r y )  and i s  
equipped with a tapered j o i n t  t o  which an  autogenous hydrogen r e f e r e n c e  
e l e c t r o d e  (12) i s  a t t a c h e d  dur ing  e l e c t r o l y s i s .  The tapered  j o i n t  i s  a l s o  
used f o r  a t tachment  of a s y r i n g e  by which t h e  c e l l  i s  f i l l e d  o r  emptied. 
The o t h e r  sidearm conta ins  t h e  plat inum gauze e l e c t r o d e  t h a t  s e r v e s  as  a 
ca thode .  The conten ts  of t h e  c e l l  a r e  magnet ica l ly  s t i r r e d  a t  100 rpm. 

The t h i n - f i l m  e l e c t r o d e ,  which s e r v e s  a s  an anode, i s  mounted 
v e r t i c a l l y  t o  prevent  accumulation of gas bubbles on i t s  s u r f a c e .  
p r i s e s  a 2009-A l a y e r  of plat inum, bonded t o  a mica suppor t  by means of a 

'100- t o  200-A l a y e r  of tantalum on tantalum oxide .  It is  prepared a s  
fo l lows:  A mounted p i e c e  of I n d i a  Ruby Mica (Spruce P ine  Co.), about  
6 m i l s  t h i c k  and 4.3 cm i n  diameter ,  is degreased i n  benzene, c leaned  i n  
chromate c leaning  s o l u t i o n ,  mounted i n  a convent ional  s p u t t e r i n g  appara-  
t u s  (13), and evacuated overn ight  a t  4 x T o r r .  Then tantalum i s  
r e a c t i v e l y  s p u t t e r e d  onto t h e  mica i n  d r y  a i r  a t  0.05 Torr  and 2200 v o l t s  
a t  10 ma f o r  7 minutes .  The r e s u l t a n t  l a y e r  is purged with oxygen-free 
a rgon ,  and t h e  tantalum s p u t t e r i n g  i s  cont inued i n  argon f o r  20 minutes .  
F i n a l l y ,  plat inum i s  s p u t t e r e d  onto t h e  tantalum i n  argon a t  0.05 Torr  and 
1025 v o l t s  a t  5 ma f o r  32 minutes .  

It com- 

Before t h e  e l e c t r o d e  i s  s p u t t e r e d ,  t h o  mica s u b s t r a t e  i s  
mounted between two metal  r i n g s ,  one of plat inum and t h e  o t h e r  of  Unalloy 
50 (Fe-Ni) , a s  shown i n  F igure  2 .  The r i n g s  a r e  cemented t o  t h e  mica with 
Pyroceram Number 95,  v i t r i f i e d  a t  450°C. 
e l e c t r o d e  assembly i s  cemented t o  t h e  c e l l  with melted polye thylene .  When 
t h e  e l e c t r o d e  i s  i n  p o s i t i o n ,  t h e  a rea  of plat inum exposed t o  t h e  e l e c -  
t r o l y t e  i s  15.94 cm2, and t h e  a r e a  of mica exposed t o  t h e  c o u n t e r  i s  11.33 cm2. 
Measured from edge t o  c e n t e r ,  t h e  e l e c t r o d e  has  a r e s i s t a n c e  of about  1 ohm. 

A f t e r  t h e  s p u t t e r i n g ,  the f i n i s h e d  

The count ing equipment comprises a p r o p o r t i o n a l  counter  (Model 
D-47, Nuclear Chicago Corp.) employing P-10 feed g a s ,  and a t r a n s i s t o r i z e d  
s c a l e r  (Radiat ion Instrument  Development L a b o r a t o r i e s )  with a p r i n t - o u t .  
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The p o t e n t i a l  o f  t h e  t h i n - f i l m  e l e  t r o d e  i s  c o n t r o l l e d  by a 
Brinkman Model 61-R f a s t - r i s e  p o t e n t i o s t a t  i n  a convent ional  c i r c u i t .  A 
g a l v a n o s t a t  c o n s i s t i n g  of a h e l i p o t  and a 90-vol t  b a t t e r y  i s  used f o r  con- 
s t a n t - c u r r e n t  anodic  or c a t h o d i c  s t r i p p i n g .  P o t e n t i a l  du r ing  s t r i p p i n g  
i s  recorded on a 10-mv Brown r e c o r d e r  through a Ke i th ly  Model 610 elec- 
trome t e r  . 

M a t e r i a l s  

The r ad io l abe led  n-butane was obtained from t h e  New England 
Nuclear  Corporat ion.  
m i l l i m o l e  and w a s  used wi thou t  f u r t h e r  p u r i f i c a t i o n .  

It had a C I 4  a c t i v i t y  l e v e l  o f  1 .9  m i l l i c u r i e s  p e r  

The s u l f u r i c  a c i d  w a s  J .  T. Baker r eagen t  grade.  

Water f o r  d i l u t i o n  was l a b o r a t o r y  d i s t i l l e d  water t h a t  had been 
r e d i s t i l l e d  twice from qua r t z  i n t o  qua r t z  r e c e i v e r s .  It was deae ra t ed  by 
evacua t ion .  

Stock s o l u t i o n s  o f  b u t a n e  were s t o r e d  over  mercury and t r a n s -  
f e r r e d  by displacement  with mercury t o  prevent  c o n t a c t  with a i r .  
o t h e r  r eagen t s  and s o l u t i o n s  were deae ra t ed  b e f o r e  mixing, and t r a n s f e r r e d  
under p u r i f i e d  argon.  

A l l  

The argon was p u r i f i e d  by passage over  copper tu rn ings  a t  800°C. 

Procedures  

P repa ra t ion  of T e s t  So lu t ion .  Tes t  s o l u t i o n s  con ta in ing  
v a r i o u s  concen t r a t ions  o f  r a d i o l a b e l e d  n-butane i n  1N H S O 4  were prepared 
by d i l u t i n g  a l i q u o t s  o f  t h e  bu tane  s t o c k  s o l u t i o n  with oxygen-free e l e c -  
t r o l y t e  and oxygen-free,  d o u b l e - d i s t i l l e d  wa te r .  

Counting R a t e  C a l i b r a t i o n .  
a g a i n s t  a s t anda rd  s o u r c e  o f  known a c t i v i t y ,  and a l l  d a t a  were co r rec t ed  
f o r  a t t e n t u a t i o n  of a c t i v i t y  through t h e  mounted t h i n - f i l m  e l e c t r o d e  and 
f o r  background and s o l u t i o n  coun t s .  Reported count r a t e s  r ep resen t  t r u e  
v a l u e s  a t  t he  e l e c t r o d e  s u r f a c e .  

Counting ra tes  were c a l i b r a t e d  

. 

Determinat ion o f  E l e c t r o d e  Area. T o  determine t h e  a c t u a l  s u r -  
f a c e  a r e a  of t h e  t h i n - f i l m  e l e c t r o d e ,  t h e  s u r f a c e  was p o t e n t i o s t a t e d  a t  
1.2 v o l t s  i n  1N HSO, f o r  3 minutes .  Then t h e  oxide was s t r i p p e d  galvano- 
s t a t i c a l l y  a t  2 ma (125 
The t r u e  area was  c a l c u l a t e d  f r o m  t h e  t o t a l  number o f  coulombs r equ i r ed  t o  
s t r i p  t h e  oxide.  
(14) was used. 

pa/crn2). A sha rp  p o t e n t i a l  a r r e c t  was observed. 

A f a c t o r  of  0.3 millicoulombs/cm2 de r ived  from o t h e r  work 
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Adsorpt ion Measurements. In a t y p i c a l  adsorp t ion  r u n ,  t h e  c e l l  
was f i l l e d  with a b lank  1N H2SO4 s o l u t i o n  t h a t  contained no n-butane,  and 
t h e  t h i n - f i l m  e l e c t r o d e  was p r e t r e a t e d  (reduced) a t  0.1 v o l t .  Then t h e  
blank s o l u t i o n  was rep laced  with t h e  tes t  s o l u t i o n ,  and t h e  p o t e n t i a l  was 
c o n t r o l l e d  a t  one o r  more' predetermined vol tages  while  t h e  a d s o r  t i o n  a t  
t h e  t h i n - f i l m  e l e c t r o d e  was measured i n  counts  per  minute p e r  cm' of t r u e  
e l e c t r o d e  a r e a .  The r e f e r e n c e  e l e c t r o d e  w a s  opera ted  a t  5 m a / c m 2  i n  t h e  
same e l e c t r o l y t e  (1N HS04). 

RESULTS AND DISCUSSION 

In t h e  i n i t i a l  experiments ,  t h e  adsorp t ion  of radion-n-butane i n  
1N H2S04 a t  25OC was s t u d i e d  as  a f u n c t i o n  of t ime,  e l e c t r o d e  p o t e n t i a l ,  
and n-butane concent ra t ion .  For a p a r t i c u l a r  concent ra t ion  of n-butane,  
e l e c t r o l y s i s  was s t a r t e d  a t  0.1 v o l t  and adsorp t ion  was measured u n t i l  an 
equi l ibr ium va lue  was reached.  f l en  v o l t a g e  w a s  increased  by 50 t o  100 mv, 
and equi l ibr ium adsorp t ion  was aga in  noted.  This  procedure w a s  repea ted  
from 0.1 t o  0.5 v o l t  wi th  5 x 10-4 and 5 x 10-5 molal n-butane.  For  t h e  
l a t t e r  s o l u t i o n ,  t h e  v o l t a g e  was then decreased i n  s e v e r a l  increments .  

A s  shown i n  F igure  3, equi l ibr ium adsorp t ion  was n e g l i g i b l e  
below 0.2 v o l t ,  showed a maximum a t  0 . 3  v o l t ,  r e g a r d l e s s  of n-butane con- 
c e n t r a t i o n ,  and again was n e g l i g i b l e  above 0.5 v o l t .  However, when t h e  
v o l t a g e  was decreased ,  less n-butane was readsorbed a t  0 . 3  v o l t  and more 
was r e t a i n e d  a t  0.1 v o l t .  

Other  workers (7,lO) have found t h a t  t h e  p o t e n t i a l  a t  which 
maximum adsorp t ion  of n-decyl amine and naphthalene occurs  v a r i e s  with 
concent ra t ion .  They a t t r i b u t e  t h i s  concent ra t ion  dependence to  v a r i a -  
t i o n s  i n  t h e  e l e c t r o n i c  i n t e r a c t i o n s  of t h e  p i  e l e c t r o n  system of t h e  
adsorbed molecules with t h e  platinum. The f a c t  t h a t  we observed no such 
concent ra t ion  dependence may r e f l e c t  a l a c k  of e l e c t r o n i c  i n t e r a c t i o n  
between n-butane and t h e  e l e c t r o d e .  

G a l v a n o s t a t i c  d a t a  show t h a t  a t  l e a s t  p a r t  o f  t h e  butane  f i r s t  
adsorbed a t  0.3 v o l t  i s  d isp laced  by hydrogen atoms adsorbed when t h e  
p o t e n t i a l  i s  switched t o  0.1 v o l t .  
t h a t  t h e  butane adsorbed a t  0 . 3  v o l t  occupies  s i t e s  normally involved i n  
t h e  second hydrogen wave ( - 0 . 3 5  v o l t )  u s u a l l y  seen i n  p o t e n t i a l  sweep 
s c a n s .  The decrease  i n  adsorp t ion  a t  h i g h e r  v o l t a g e s  occurs  because 
oxida t ion  of n-butane begins  t o  compete w i t h  adsorp t ion  above 0 . 3  v o l t .  
The subsequent change i n  t h e  l e v e l  of a d s o r p t i o n  a s  t h e  vol tege.was 
decreased i n d i c a t e s  t h a t  an i r r e v e r s i b l e  r e a c t i o n  occurs  on t h e  e l e c -  
t r o d e  above about  0.3 v o l t .  
t ion- t ime behavior  of n-butane i s  a f f e c t e d  by a change i n  p o t e n t i a l ,  
Here, equi l ibr ium adsorp t ion  was e s t a b l i s h e d  a t  0.1 v o l t ,  and then  t h e  
p o t e n t i a l  was increased  0.3 v o l t  f o r  s e v e r a l  hours .  
was decreased t o  0.1 v o l t ,  some of t h e  n-butane was desorbed,  b u t  t h e  
e q u i l i b r i u m  concent ra t ion  r e t a i n e d  on t h e  e l e c t r o d e  was much h i g h e r  
than t h e  va lue  measured i n i t i a l l y  a t  0 .1  v o l t .  

Anodic p o t e n t i a l  sweep d a t a  sugges t  

For example, F i g u r e  4 shows how t h e  adsorp-  

When t h e  p o t e n t i a l  



- 2 2 -  

Examination of t h e  e l e c t r o d e  a s  t h e  p o t e n t i a l  was cycled 
r e p e a t e d l y  be tween 0.1 and 0.3 v o l t  showed t h a t  such adsorpt ion-desorp-  
t i o n  h y s t e r e s i s  i s  caused by t h e  formation of a r e s i d u e  on t h e  plat inum. 
The r e s i d u e  forms s lowly ,  w i l l  n o t  hydrogenate o f f  of the  e l e c t r o d e  a t  
0.1 v o l t ,  and w i l l  n o t  wash o f f  i n  blank e l e c t r o l y t e .  However, i t  can be 
removed completely by o x i d a t i o n  a t  1 . 2  v o l t s .  

I n  an e f f o r t  t o  q u a n t i f y  t h e  s u r f a c e  concent ra t ion  of t h i s  
res idde ,  we f i r s t  measured t h e  maximum adsorp t ion  of n-butane a s  a func-  
t i o n  o f  concent ra t ion  a t  0 . 3  v o l t .  Then w e  measured t h e  amount of r e s i d u e  
formed a t  each concent ra t ion  as a r e s u l t  of repea ted  r e c y c l i n g  between 0.1 
and 0.3 v o l t .  Based on t h e  t r u e  s u r f a c e  a r e a  determined f o r  t h e  e l e c t r o d e ,  
we were thus a b l e  t o  c a l c u l a t e  t h e  s a t u r a t i o n  adsorp t ion  of n-butane a t  
0.3 v o l t  and r e l a t e  it t o  t h e  amount of s u r f a c e  covered by t h e  res idue .  
The c o n c e n t r a t i o n  isotherms and t h e  s u r f a c e  coverage d a t a  a r e  shown i n  
F i g u r e  5 and Table I .  

R e s u l t s  of t h e  g a l v a n o s t a t i c  procedure used t o  measure t h e  
res idues  a r e  i l l u s t r a t e d  i n  F i g u r e  6. The residue-covered e l e c t r o d e  was 
f i r s t  p o t e n t i o s t a t e d  a t  0.3 v o l t .  
t i  n a t  63p a/cm*, whi le  t h e  number of coulombs passed and t h e  amount of 
C1' on t h e  window were recorded s imul taneous ly ,  s t a r t i n g  a t  0 . 3  v o l t  and 
te rmina t ing  a t  1 . 2  v o l t s .  A b l a n k  g a l v a n o s t a t i c  curve i n  1N H$O4 was 
obtained t o  c o r r e c t  f o r  coulombic c o n t r i b u t i o n s  from double- layer  charging 
and from oxida t ion  of  t h e  p la t inum s u r f a c e .  Coulometric r e s u l t s  were a l s o  
normalized t o  t h e  window a r e a  by using t h e  r a t i o  of window area  (11.33 cm2) 
t o  t o t a l  a rea  ex o s e d  t o  t h e  e l e c t r o l y t e  (15.94 cm2). 
ox id ized ,  t h e  ,IE l e a v e s  t h e  window presumably as  C1402 , and t h e  count 
r a t e  drops .  

The r e s i d u e  was then removed by oxida-  

A s  t h e  r e s i d u e  i s  

I n  Figure 6 ,  count  r a t e  and t o t a l  coulombs passed a r e  p l o t t e d  
vs .  p o t e n t i a l .  Oxidation of  t h e  r e s i d u e  begins  above 0.65 v o l t  as  r e -  
f l e c t e d  i n  both curves.  
of hydrogen t h a t  was p r e s e n t  on t h e  e l e c t r o d e  i n  t h e  blank e l e c t r o l y t e  
a t  0.3 v o l t  b u t  w a s  n o t  p r e s e n t  on t h e  residue-covered e l e c t r o d e .  
the  r e s i d u e  was much h a r d e r  to o x i d i z e  and a l i t t l e  s t i l l  remained a t  
1.2 v o l t s  i n  t h e  scan. (The remainder  can b e  oxid ized  i f  t h e  p o t e n t i a l  
is h e l d  cons tan t  f o r  a t i m e  a t  1 . 2  v o l t s . )  

The i n i t i a l  n e g a t i v e  va lues  r e p r e s e n t  ox ida t ion  

Some of 

A s  shown i n  Tgble  I ,  i f  w e  assume t h a t  t h e  n-butane molecules 
l i e  f l a t  and occupy 29 A*, s a t u r a t i o n  is  approached a t  a f r a c t i o n a l  
coverage,  8 ,  of 0.39. 
commonly assumed in  gas  phase adsorp t ion  work where imperfec t  packing i s  
concluded t o  occur, w e  f i n d  t h a t  8 is  0.98. I n  t h i s  work t h e  a c t u a l  a r e a  
occupied by butane m u s t  b e  taken i n t o  account  because t h e  remaining f r e e  
s u r f a c e  a r e a  is  a v a i l a b l e  t o  o t h e r  s o l u t i o n  s p e c i e s .  Our da ta  show t h a t  
t h e  amount of res idue  v a r i e s  w i t h  t h e  concent ra t ion  and accounts  f o r  about  
1 /4  of t h e  i n i t i a l  maximum amount of n-butane adsorbed a t  0.3 v o l t .  
the  d a t a  f o r  peak a d s o r p t i o n  a t  0.3 v o l t  v s .  c o n c e n t r a t i o n ,  an equi l ibr ium 
cons tan t  c a l c u l a t e d  f o r  t h e  a d s o r p t i o n  (7)  gives  Kea = 4.85 x 
corresponding f r e e  energy o f  a d s o r p t i o n ,  AFa, i s  3 kcal /mole.  

Whereas, i f  w e  t ake  t h e  va lue  of 50 A2/molecule 

From 

The 
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In our  d a t a  f o r  t h e  ox ida t ion  of t h e  r e s i d u e ,  t h e  count  ra te  i s  
d i r e c t l y  r e l a t e d  t o  t h e  number of butane molecules o r i g i n a l l y  adsorbed on 
t h e  e l e c t r o d e .  
e l e c t r o n s  each. The a c t u a l  coulombic y i e l d s  v a r i e d  with t h e  p o t e n t i a l  
and r e f l e c t e d  va r ious  s t a t e s  o f  ox ida t ion  o f  t hose  po r t ions  of the  r e s i d u e  
removed wi th  a g iven  charge increment.  In Figure  7 ,  t h e  number o f  m i l l i -  
coulombs measured i s  p l o t t e d  a g a i n s t  pe rcen t  C I 4  removed. 
t o  have fou r  l i n e a r  segments. On t h e  b a s i s  o f  t h e  count ra te ,  the known 
s p e c i f i c  a c t i v i t y ,  and 26 e l e c t r o n s  p e r  butane r e s i d u e ,  30 mil l icoulombs 
would be measured, and t h e  average t h e o r e t i c a l  s l o p e  shown would b e  followed. 
The f i r s t  two l i n e a r  segments (45% C I 4  removal) have s t e e p e r  s l o p e s ,  reflec- 
t i n g  p a r t i a l  ox ida t ion  of a s u b s t a n t i a l  amount of t h e  o t h e r  55% of  butane-  
equ iva len t  r e s idue .  The remaining 55% ~ 1 4  i s  removed a t  a s l o p e  equ iva len t  
t o  one-half  o r  less of  t h e  26 e l e c t r o n  s l o p e ,  showing c l e a r l y  t h e  e x i s t e n c e  
of an oxidized in t e rmed ia t e  t h a t  i s  d i f f i c u l t  t o  ox id i ze  f u r t h e r .  A t o t a l  
o f  37 millicoulombs were passed i n  removing 80% o f  t h e  r e s idue .  

I f  t h e s e  molecules were s t i l l  i n t a c t  they would y i e l d  26 

The cu rve  appears  

CONCLUSION 

The e x i s t e n c e  of t h e  r e s idue  i s  i n t e r e s t i n g  because previous 
(unpublished) work with va r ious  pu l se  techniques has shown t h a t  a t  h ighe r  
temperatures  t h e r e  i s  a time-decay i n  o x i d a t i o n  r a t e  which could r e s u l t  
from decay of a c t i v e  s i tes ,  r educ t ion  o f  minor amounts o f  s u r f a c e  oxide 
( r e s u l t i n g  from p re t r ea tmen t  t echn iques ) ,  or t h e  formation of a r e s i d u e  
which blocks c a t a l y s t  s i t e s .  Our r a d i o t r a c e r  da t a  s t r o n g l y  support  t h e  
l a t t e r .  Add i t iona l  experiments with s t r i p p i n g  t h e  r e s i d u e  have shown 
s i m i l a r  high i n i t i a l  and low f i n a l  s t r i p p i n g  r a t e s .  The p a r t i a l l y  ox i -  
d i zed  m a t e r i a l  might b e  an unsa tu ra t ed  coke having a C / H  r a t i o  o f  about 
1, perhaps s imi la r  t o  benzene. However, p a r t i a l l y  oxygenated spec ie s  
could a l s o  account f o r  t h e  observed s t a t e  of ox ida t ion .  Assignment of 
a n  exac t  s t r u c t u r e  i s  n o t  p o s s i b l e  wi th  t h e  r a d i o t r a c e r  method a l o n e .  
Examination o f  r e s idues  from o t h e r  f u e l  molecules,  modif icat ion of t h e  
r a d i o t r a c e r  technique t o  permit  simultaneous C14 and H 3  measurement, o r  
development of a spec t roscop ic  method f o r  examining t h e  r e s idue  would b e  
a i d s  i n  t h a t  d i r e c t i o n .  Knowledge o f  t h e  s t a t e  of ox ida t ion  of t h e  r e s i d u e  
and i t s  response t o  va r ious  t r ea tmen t s  would be h e l p f u l  f o r  an under-  
s t and ing  of t h e  process  of anodic  o x i d a t i o n  of hydrocarbons a t  plat inum. 
The r a d i o t r a c e r  method can supplement conventio_nal e lectrochemical  
measurements i n  t h a t  r ega rd .  

The r a d i o t r a c e r  method should b e  used t o  s tudy a number of 
problems i n  t h e  f u e l - c e l l  a r e a .  Adsorption behavior should b e  s t u d i e d  f o r  
a v a r i e t y  of f u e l  t ypes ,  such a s  a lkanes ,  o l e f i n s ,  aromatics  and naph- 
thenes ,  and on o t h e r  s u r f a c e s .  Residues from ox ida t ion  of t h e s e  f u e l  
t ypes  and from reduc t ion  of radio-carbon d iox ide  should b e  examined i n  
d e t a i l .  Su r face  coverage and s t a t e  of ox ida t ion  da ta  f o r  t hese  r e a c t a n t s  
may r evea l  much about  t h e  s t r u c t u r e  and composition of s u r f a c e  spec ie s  
and t h e i r  r o l e  i n  l i m i t i n g  t h e  r a t e  o f  t h e  ove r -a l l  process .  Competi t ive 
adso rp t ion  i n  mixed l i q u i d  f u e l s  should b e  explored,  and t h e  e f f e c t  of 
poisons such as  s u l f u r  and a r s e n i c  on adso rp t ion  behavior  should b e  assessed.  

A gene ra l  l i m i t a t i o n  e x i s t s  with regard t o  t h e  temperature  
range a v a i l a b l e  f o r  measurements. Adaptat ion of t h e  c e l l  and t h e  coun te r  
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f o r  u se  a t  h ighe r  temperatures  i s  r e l a t i v e l y  easy t o  accomplish t echn i -  
c a l l y .  But r e a c t i o n  r a t e s  f o r  adsorpt ion-desorpt ion and ox ida t ion  inc rease  
with temperature.  This e v e n t u a l l y  l i m i t s  t h e  method because f e a s i b l e  
coun t ing  per iods have a r e q u i r e d  minimum dura t ion .  For  a given level 
of r a d i o - a c t i v i t y ,  because o f  t h e  i r r e g u l a r  ra te  of decomposition of  C 1 4 ,  
a minimum count ing pe r iod  is requ i r ed  t o  o b t a i n  small da ta  s c a t t e r  i n  
r epea ted  counts  o f  t h e  same source.  For  our work, 6 seconds produced 
some s c a t t e r .  Appreciable  i n c r e a s e s  i n  r a t e s  of s o r p t i o n  or ox ida t ion  
p rocesses  would a l low fewer samplings of  count r a t e ,  even tua l ly  e l imina-  
t i n g  t h e  p o s s i b i l i t y  of s imultaneous measurements. 

In i t s  p r e s e n t  s t a t e  of development, t h e  method should accom- 
modate a c i d  and a l k a l i n e  e l e c t r o l y t e s  and many non-aqueous e l e c t r o l y t e s .  
A wide cho ice  of e l e c t r o d e  me ta l s  i s  p o s s i b l e .  Mica i s  the  p r e f e r r e d  
window m a t e r i a l  for hydrocarbons,  b u t  Mylar o r  Teflon may b e  use fu l  with 
o t h e r  r e a c t a n t s .  Because t h e  method has  many p o t e n t i a l  a p p l i c a t i o n s ,  
t h e  c e l l  s t r u c t u r e  should b e  chosen t o  s u i t  t h e  requirements o f  each 
s ys tern. 
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